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Abstract 
To utilize aquifers without proven seal structures as a CO2 storage reservoir, CO2 should be trapped by residual gas trapping and 
solubility trapping as well as physical trapping by cap-rock. We investigated the mechanism of the residual gas trapping from a 
microscopic point of view by means of micro-focused X-ray CT. First, we imaged trapped air bubbles in a Berea sandstone chip 
after spontaneous imbibition at atmospheric pressure. With the resolution of 6.52 Pm/pixel, 610 sheets of slice images of 
608u608 pixels were reconstructed. Pore structure and trapped bubbles were clearly visualized. Next, distributions of trapped 
bubbles in Berea and Tako sandstone were imaged in core-flooding at the capillary number of 1.0u10-6. The trapped bubbles 
consist of two-type; one occupies the center of pore with a pore-scale size and the other has a pore-network scale size. In low 
porosity porous media such as sandstone, connected bubbles has high contribution to trapped gas saturation. The distributions of 
trapped bubbles were uniform throughout the core except for the heterogeneity due to sedimentary layers. With a packed bed of 
glass beads 600 Pm in diameter, the effects of capillary number and the injected water volume were investigated. Even in the 
packed bed of glass beads, which has a high porosity of 38%, once the gas bubbles are trapped, they are stable against the water 
flow rate that corresponds to the capillary number of 1.0u10-4. Even at very high capillary number of 4.7u10-5, residual gas 
saturation is independent of volume of injected water up to 15 pore volumes. Third, distributions of the residual gas saturation in 
the core were measured at supercritical conditions on core scale. The effect of fracture on the residual gas saturation was also 
investigated. The fracture reduces the maximum CO2 saturation to about 20% at the end of CO2 injection. However, most of the 
CO2 were trapped after the water injection. The Land type relationship between trapped CO2 saturation and the maximum CO2 
saturation was obtained for supercritical CO2.  
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1. Introduction 
The geological storage of CO2 into deep saline formations, such as an aquifer, has been discussed as a viable 
option addressing climate change.  The density of CO2 will increase with depth, until at about 800 m or greater, the 
injected CO2 will be in a dense supercritical state. However, supercritical CO2 is still lighter than the saline 
formation fluids. Therefore stored CO2 goes back to the surface because of buoyancy, unless there is a confining 
impermeable stratum (cap-rock). Physical trapping by cap-rock is the dominant mechanism for retaining CO2 in 
aquifers. Over time, residual gas trapping and solubility trapping tend to be significant mechanisms. These trap 
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mechanisms also enhance storage security because the risk of leakage of these trap mechanisms does not depend 
directly on the integrity of the cap-rock.  
In some regions such as Japan, the capacity of CO2 storage in a closed dome structure with proven cap-rocks is 
relatively limited. To utilize aquifers without proven seal structure as a CO2 storage reservoir, CO2 should be 
trapped by residual gas trapping and solubility trapping as well as physical trapping by cap-rock. For Berea 
sandstone, the residual gas saturations are in the range between 24.8 and 28.2 % in a supercritical CO2 and water 
system [1]. Aquifers without lateral confinement may provide vast additional capacity for CO2 storage. 
The objective of this study was to assess the mechanism and stability of the residual gas trapping. To this end, we 
investigated the residual gas trapping from a microscopic point of view by using a micro-focused X-ray computer 
tomography (CT) scanner.  
2. Gas trapping on pore scale  
2.1. Spontaneous imbibition 
We used a micro-focused X-ray CT scanner (Comscantechno Co., ScanXmate-RB090SS) to visualize structures 
of porous media and trapped gas bubbles [2]. Recent development in high resolution X-ray CT scanners allows us 
direct visualization of porous structure [3-5]. As shown in Fig. 1, the resolution of X-ray CT scanners depends on 
the ratio of the distance between an X-ray detector and an X-ray source and the distance between an object and the 
X-ray source. Therefore, when the object in small size is placed closed to the X-ray source, high resolution 
measurement can be achieved.  
First, we used a small Berea sandstone chip. In this experiment, we cannot control the injection flow rate of water, 
but enhance the resolution. Before the experiments, a Berea sandstone core was baked at 450 qC for 12 hours to 
prevent swelling of clay. After the cooling to room temperature, the core was crashed into chips by a hammer. The 
Berea chip of about 2 mm diameter was placed in a rubber cup as shown in Fig. 1. The pore structure was scanned 
in dry condition. After the spontaneous imbibition of water for 
one day, trapped bubble structure was scanned in wet condition. 
Reconstructed three-dimensional images consist of 
608u608u610 pixel at the resolution of 5.483 Pm/pixel. Water 
was doped with 7.5 wt% NaI to enhance X-ray attenuation.  
Reconstructed 3-D images of pore structure and trapped gas 
bubbles are shown in Fig. 2. The porosity of the Berea 
sandstone core after baking was estimated to be 19.9 % by 
mercury porosimetry. On the other hand, the porosity based on 
CT images was 19.3 %. Therefore, approximately 97 % of pore 
volume was detected by CT scans. The residual gas saturation 
was 15.4 %. The trapped gas bubbles consist of two types; one 
occupies the center of pore with a pore-scale size and the other 
has a pore-network scale size. The latter has a complicated 
structure spreading over some pores [6]. Water imbibes into the 
pores trapping gas bubbles through the corner of the pore and 
the surface roughness of matrix [7].  
2.2. Water injection 
Second, the Berea and Tako sandstone cores 8-mm in diameter and 15-mm long were used to control the 
injection flow rate of water to establish the residual gas trapping. Figure 3 shows the experimental setup. Nitrogen 
and water doped with 7.5 wt% NaI were used as working fluids. The sandstone layers were oriented such that the 
normal to each layer surface was parallel to the cylinder axis. The sandstone core was coated with sleeves made 
from Teflon heat shrink tubing to insulate the hydraulic connection between fluids in the sandstone and the 
overburden pressure. Prior to the injection of fluids, the pore structures were scanned. After the core was placed in a 
Sandstone
Water NaI 7.5 wt%
X-ray source
X-ray detector
Fig. 1 Configuration of an X-ray source and detector for 
spontaneous imbibition measurements.  
3190 T. Suekane et al. / Energy Procedia 1 (2009) 3189–3196
 Author name / Energy Procedia 00 (2008) 000–000 3 
pressure vessel, N2 was injected into the core under the overburden pressure of 0.2 MPa. Next, water doped with 7.5 
wt% NaI was injected into the core at the capillary number Ca = Pwuw/V of 1.0u10-6, where Pw is the viscosity of 
wetting phase, uw is Darcy velocity, and V is interfacial tension. After the injection of water of 15 pore volumes, the 
distribution of trapped gas bubbles was scanned at the resolution of 20.114 Pm/pixel. Because the scanning covers 
about 12.27 mm in height, upstream and downstream regions were scanned separately.  
The residual gas saturation is reduced by increasing the capillary number [8, 9]. For consolidated sandstone, 
trapped non-wetting phase saturation reduces at capillary numbers higher than 10-6 [9]. On the contrary, except for 
the region adjacent to an injection well, the capillary number will be much lower than 10-6 for CO2 migration in 
geological storage. Therefore, to eliminate injection flow rate, flow rate was controlled so that capillary number to 
be 1.0u10-6. The residual gas saturation is also influenced by the Bond number Bo = 'UgR2/V, where 'U is fluid 
density difference, g is acceleration due to gravity, and R is representative particle radius. Comparing the 
supercritical CO2 and water in geological formations and the 
nitrogen and water in an atmospheric pressure, the Bond 
number in present experiment is a few times higher than that 
in geological formation. The capillary number and Bond 
number indicate the ratio between viscosity and interfacial 
tension and the ratio between buoyancy and interfacial 
tension, respectively. Therefore, buoyancy in present 
experiments relative to viscosity and interfacial tension is a 
few times higher than actual situations.  
Distributions of pores and trapped gas bubble in Berea are 
shown in Figs. 5 and 6. Figure 5 shows reconstructed three 
dimensional images of pores and trapped gas bubbles in an 
upstream region. Figure 6 shows vertical cross-sectional 
images of pores and bubbles in a downstream region. Pore 
distribution is influenced by layered structure peculiar to 
sedimentary rock. The porosity based on CT images was 
17.1 %. Therefore, approximately 86 % of pore volume was 
detected at this resolution. After the injection of water, 
trapped gas bubbles distribute uniformly over the core 
depending on the layered structure except for the inlet region 
a few millimeters long as shown in Fig. 5 (b). The residual 
gas saturations were 29.2% and 21.6% for Berea and Tako 
sandstone, respectively. Figure 6 (c) shows the magnified 
Fig. 2 Three dimensional reconstructed images of pore structure (green) and trapped gas bubbles (light blue) in Berea. Reconstructed 
volume (a) is 1.20u1.20u1.34 mm3. Figure (b) is a partially magnified image of figure (a).  
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Sandstone
pressure
vessel
pump
water reservoir
P
N2
N2P
Fig. 4 Diagrammatic illustration of the experimental 
apparatus used to conduct corefood experiments for trapped 
gas imaging.  
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images of trapped gas bubbles. As mentioned above, the trapped gas bubble spreads over some pores. The trapped 
gas bubbles on the pore-network scale contribute to residual gas saturation. On the two-dimensional images, the 
largest gas bubble has the cross-sectional area of about 0.06 mm2, which corresponds to the circle of 276 Pm in 
diameter. The median of pore throat diameter is estimated to be 10 Pm by mercury porosimetry. As a result, the 
diameter of trapped bubbles is several tens times higher than the pore throat diameter.  
Distributions of the local porosity and the local residual gas fraction along the flow directions are shown in Fig. 7. 
The CT images consist of 610 slice images along the flow direction. For each slice image, local porosity and 
residual gas fraction are estimated by the fraction of pore and gas bubble area to the cross-sectional area. Because 
the upstream and downstream parts were scanned separately, distributions have discontinuities at the middle 
position along the flow direction.  
In the case of Berea, the porosity fluctuates along the flow direction due to the layered structure. The residual gas 
fraction, which is the fraction to balk volume, also fluctuates with the porosity along the flow direction. The ratio of 
the residual gas fraction to the porosity corresponds to the residual gas saturation, which is the fraction to pore 
volume. Figure 7 (c) shows the relation between the local porosity and the local residual gas saturation. On core 
(a) (b) 
Fig. 5 Distributions of (a) pores and (b) trapped gas bubbles in Berea sandstone. A visualized region is about 8-mm long and the 
bottom surface corresponds to the injection surface of the core.  
(a) (b) (c) 
Fig. 6 Vertical cross-section images of (a) pores and (b) trapped gas bubble in downstream regions of Berea. Figure (c) shows 
the partially magnified image of trapped gas bubbles. Pores and bubbles are denoted with dark blue.  
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scale, the residual gas saturation displays an inverse relationship with porosity [9]. On the other hand, on pore scale, 
the residual gas saturation increases with an increase in the porosity. As shown in Figs. 5 and 6, the pore diameter in 
dense layers seems to be lower than that in coarse layers. Therefore, the capillary pressure in dense layers might be 
higher than that in coarse layers. If we assume the continuity in pressure for wetting and non-wetting phases across 
the layers, the trapped gas saturation should be reduced at dense layers. But it should be noted that the non-wetting 
phase is not continuous at this condition.  
In the case of Tako, because the porosity is uniform across the layers, the residual gas fraction is almost constant 
along the flow direction except for the inlet region.  
2.3. Stability of residual gas trapping 
The stability of trapped gas bubbles were examined for a nitrogen-water system at room temperature and pressure. 
A packed bed of glass beads was used for experiments. Glass beads of 600 Pm diameter were packed in a pipe with 
inner diameter of 10 mm. First, water was injected into the vertically aligned bed from the bottom until the pores of 
the packed bed filled up with water. After water injection stopped, nitrogen was injected from the top until the 
irreducible water condition. Finally, water was injected from the bottom again at constant capillary number.  
Figure 8 shows the relation between the residual gas saturation and the capillary number. Residual gas saturation 
was estimated from the CT images scanned after the water injection of about 5 PV. Because packed glass beads 
were large comparing with characteristic pore scale of sandstone, buoyancy tends to have higher influence over the 
capillarity and viscosity. Therefore, the residual gas saturation is relatively low. The residual gas saturation 
decreases with an increase in capillary number.  
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Fig. 7 Distributions of porosity and residual gas fraction along the flow direction for (a) Berea and (b) Tako sandstone. Relation 
between local residual gas saturation and local porosity for Berea sandstone are shown in (c).  
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Fig. 8 Effect of the initial capillary number on 
the residual gas saturation for the packed bed 
of glass beads of 600 Pm in diameter. 
Fig. 9 Stability of trapped gas bubbles against the water flow. (a) Gas bubbles 
were trapped at the capillary number of 1.0u10-6. After gas bubbles were 
trapped, water injection speed was elevated to the capillary number of (b) 
1.0u10-5 and (c) 1.0u10-4, respectively.  
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To verify the stability of trapped gas bubble, water injection rate was increased. First, gas bubbles were trapped at 
the capillary number of 1.0u10-6 (Fig. 9 (a)).  After that, injection flow rate was elevated by 10 times. Namely, water 
of 5 PV was injected into the packed bed at the capillary number of 
1.0u10-5 (Fig. 9 (b)). Still more the injection flow rate was elevated 
by 10 times. Namely, water of 5 PV was injected into the packed 
bed at the capillary number of 1.0u10-4 (Fig. 9 (c)). As shown in 
Fig. 8, if water is injected into the packed bed at an irreducible 
water condition, the residual gas saturation decreases with capillary 
number. However, once the gas bubbles are trapped at low capillary 
number, they are stable against the enhancement of the injection 
flow rate as shown in Fig. 9.  
Stability of trapped gas bubbles against the injected water 
volume is shown in Fig. 10. For each capillary number, trapped gas 
saturation already reaches steady state after the water injection of 1 
PV. The trapped gas saturation is constant over the water injection 
up to 15 PV, because the solubility of nitrogen to water is relatively 
low.  
3. Residual gas trapping on core scale 
The distribution of residual gas saturation on core scale was estimated at supercritical condition. A schematic 
diagram of the experimental setup is shown in Fig. 11. Berea sandstone core 15-mm in diameter and 50-mm long 
was used in the experiments. The sandstone layers were oriented such that the flow direction was parallel to the 
layers. Temperature and pressure were controlled to be 45 qC and 8.0 MPa, respectively. At the resolution of 93.8 
Pm/pixel, we can obtain 305 slice images of 304u304 pixel from single scan. The upstream and downstream regions 
were scanned separately. Water doped with 15 wt% NaI was used for experiments. At this resolution, the pore and 
trapped bubble structure cannot be resolved. Therefore, as a conventional manner, assuming that the local water 
saturation is proportional to CT value, we estimated the local water saturation Sw. After the baking treatment of a 
core, the CT value at Sw = 0 %, CT0 (x) was obtained for any position x inside the core. Next, the core was filled 
with water and the CT value at Sw = 100 %, CT100 (x) was obtained. Using these data, the local saturation at any 
condition can be estimated by equation: Sw (x) = (CT (x)- CT0(x))/( CT100 (x)- CT0(x)).  
A typical slice image at residual gas saturation is shown in Fig. 12. The distribution of local residual gas 
saturation across the layers along the line A-A’ in Fig. 12 is shown in Fig. 13 (a). The residual gas saturation 
Fig. 10 Stability of trapped gas bubbles against 
the injected water volume.  
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trapped gas imaging in the core scale under supercritical condition. 
Fig. 12 Cross-sectional image at residual gas trapping. 
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fluctuates with the layer structure. However, every layer traps about 40 % of supercritical CO2. In the flow direction, 
CO2 is trapped uniformly as shown in Fig. 13 (b).  
Next, the effect of gas saturation at flow reversal on residual gas saturation was investigated. To reduce gas 
saturation, cylindrical cores were cut vertically along the core axis to model fracture. Distributions of maximum gas 
saturation at flow reversal and the residual gas saturation along the flow direction are shown in Fig. 14 for a Berea-
Berea pair. Even after the injection of supercritical CO2 of about 5 PV, the gas saturation was around 20 %. Because 
the injected CO2 selectively passed through the fracture, the gas saturations in sandstone cores remain low. The 
residual gas saturation after the water injection of about 5 PV was also around 20 %. Comparing with no fracture 
case, the residual gas saturation is low, but the most of gas contained at flow reversal is trapped in the core. In this 
case, the fracture is more permeable comparing with Berea matrices. But the fracture is not always permeable. At 
this time, the maximum gas saturations depend on the permeabilities of a sandstone pair.  
Figure 15 summarizes the relation between the trapped gas saturation and the maximum gas saturation at flow 
reversal for uniform and fractured cores of various sandstones. Residual gas saturation increases with the gas 
saturation at flow reversal. Trapped gas saturation is less than maximum gas saturation and trapped gas saturation 
approaches the maximum gas saturation at low maximum gas saturations [11, 12].  
4. Conclusions 
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We investigated the mechanism of the residual gas trapping from a microscopic point of view by means of micro-
focused X-ray CT. First, we imaged trapped air bubbles in a Berea sandstone chip after spontaneous imbibition at 
atmospheric pressure. Next, distributions of trapped bubbles in Berea and Tako sandstone were imaged in core-
flooding at the capillary number of 1.0u10-6. The trapped bubbles consist of two-type; one occupies the center of 
pore with a pore-scale size and the other has a pore-network scale size. In low porosity porous media such as 
sandstone, connected bubbles has high contribution to trapped gas saturation. The distributions of trapped bubbles 
were uniform throughout the core except for the heterogeneity due to sedimentary layers. With a packed bed of glass 
beads 600 Pm in diameter, the effects of capillary number and the injected water volume were investigated. Even in 
the packed bed of glass beads, which has a high porosity of 38%, once the gas bubbles are trapped, they are stable 
against the water flow rate that corresponds to the capillary number of 1.0u10-4. Even at very high capillary number 
of 4.7u10-5, residual gas saturation is independent of volume of injected water up to 15 pore volumes. Third, 
distributions of the residual gas saturation in the core were measured at supercritical conditions on core scale. The 
effect of fracture on the residual gas saturation was also investigated. The fracture reduces the maximum CO2 
saturation to about 20% at the end of CO2 injection. However, most of the CO2 were trapped after the water 
injection. The Land type relationship between trapped CO2 saturation and the maximum CO2 saturation was 
obtained for supercritical CO2. 
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Fig. 15 Relation between the trapped gas saturation and the gas 
saturation at flow reversal for uniform cores of Berea and Kimachi and 
for fractured cores.  
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